The steep calcium dependence of synaptic strength that has been observed at many synapses is thought to reflect a calcium dependence of the probability of vesicular exocytosis (p), with the cooperativity of three to six corresponding to the multiple calcium ion binding sites on the calcium sensor responsible for exocytosis. Here we test the hypothesis that the calcium dependence of the effective size of the readily releasable pool (RRP) also contributes to the calcium dependence of release at the calyx of Held synapse in mice. Using two established methods of quantifying neurotransmitter release evoked by action potentials (effective RRP), we find that when calcium influx is changed by altering the external calcium concentration, the calcium cooperativity of p is insufficient to account for the full calcium dependence of EPSC size; the calcium dependence of the RRP size also contributes. Reducing calcium influx by blocking R-type voltage-gated calcium channels (VGCCs) with Ni 2ϩ , or by blocking P/Q-type VGCCs with -agatoxin IVA also changes EPSC amplitude by reducing both p and the effective RRP size. This suggests that the effective RRP size is dependent on calcium influx through VGCCs. Furthermore, activation of GABA B receptors, which reduces presynaptic calcium through VGCCs without other significant effects on release, also reduces the effective RRP size in addition to reducing p. These findings indicate that calcium influx regulates the RRP size along with p, which contributes to the calcium dependence of synaptic strength, and it influences the manner in which presynaptic modulation of presynaptic calcium channels affects neurotransmitter release.
Introduction
Fundamental to our understanding of synaptic transmission is the calcium dependence of neurotransmitter release. First seen at the frog neuromuscular junction (Jenkinson, 1957; Dodge and Rahamimoff, 1967) , a steep dependence on calcium (n ϭ 3-6) has subsequently been observed at many synapses for postsynaptic currents evoked by action potentials, local application of Ca 2ϩ , photolysis of caged calcium, and presynaptic voltage steps (Smith et al., 1985; Wu and Saggau, 1994; Mintz et al., 1995; Borst and Sakmann, 1996; Schneggenburger and Neher, 2000) . The calcium cooperativity of release is widely appreciated as arising from cooperative binding of calcium to the calcium sensor responsible for vesicular fusion, which increases the probability of release ( p) (Augustine, 2001) .
But do changes in calcium influx affect synaptic transmission exclusively through p, or does another calcium-dependent process also play a role? It is also possible that changes in the size of the readily releasable pool (RRP), defined as the number of synaptic vesicles accessible for release by an action potential (Rizzoli and Betz, 2005) , could contribute. Previous studies have used high-frequency stimulus trains to deplete the RRP and observed an increase in the cumulative EPSC in elevated external calcium (Ca e ) (Schneggenburger et al., 1999; Lou et al., 2008) . They attributed these observations to incomplete depletion in standard Ca e , because the size of the RRP determined by a prolonged voltage step is not Ca e dependent. These findings did, however, suggest that the size of the effective RRP, which we will define as the vesicles liberated by high-frequency stimulation, is Ca e dependent.
Here, we argue that changes in the effective RRP size are significant, and that the extent of presynaptic calcium influx may be crucial to determine the size of the effective RRP. Unlike presynaptic voltage steps and photolysis of caged calcium, action potentials provide a very brief local increase in free calcium ions. It is possible that action potentials cannot access the entirety of the RRP, and that the concept of an effective RRP is important in studies of synaptic transmission. If the size of the effective RRP is calcium dependent, then changes in p would not fully explain changes in synaptic strength. In addition to being important for a mechanistic understanding of synaptic transmission, the relative contributions of p and RRP have functional implications: changes in p affect short-term plasticity but do not alter total vesicle fusion evoked by a train, whereas changes in RRP do not affect short-term plasticity but do alter total release.
In this study, we characterize the calcium dependence of EPSC amplitude, p, and the effective RRP at the calyx of Held synapse. We find that the calcium dependence of p is insufficient to account for the calcium dependence of the EPSC size, and that the effective RRP size is calcium dependent. Our experiments indicate that neuromodulators that regulate presynaptic voltage-gated calcium channels (VGCCs) regulate both p and effective RRP size. These results can have important implications for understanding how synaptic transmission is regulated, especially in response to high-frequency activity as typically occurs at this synapse.
Materials and Methods
Animals and preparation of brain slices. All animals used were wild-type mice (BL6C57/6J, The Jackson Laboratory) postnatal day 11-14 of either sex. All animal handling and procedures abided by the guidelines of the Harvard Medical Area Standing Committee on Animals. Mice were deeply anesthetized with isoflurane and killed by decapitation. Transverse 200-m-thick slices were cut from the brainstem containing the medial nucleus of the trapezoid body (MNTB) with a vibratome slicer. Brains were dissected and sliced at 4°C in a solution consisting of the following (in mM): 125 NaCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 0.1 CaCl 2 , 3 MgCl 2 , 25 glucose, 3 myo-inositol, 2 Na-pyruvate, and 0.4 ascorbic acid, continuously bubbled with 95% O 2 /5% CO 2 , pH 7.4. Slices were incubated at 32°C for 20 min in a bicarbonate-buffered solution composed of the following (in mM): 125 NaCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 25 glucose, 3 myo-inositol, 2 Na-pyruvate, and 0.4 ascorbic acid, continuously bubbled with 95% O 2 /5% CO 2 , pH 7.4. For experiments in Figure 3 , slices were incubated in a solution similar to that above but with varying CaCl 2 and MgCl 2 to accommodate future experiments. The concentration of CaCl 2 plus that of MgCl 2 was always equal to 3 mM when Ca e Յ 2 mM. For experiments with Ca e ϭ 3 and 4 mM, [Mg 2ϩ ] ϭ 0.1 mM. Electrophysiology. Slices were transferred to a recording chamber at room temperature. During recordings, the standard perfusion solution consisted of the bicarbonate-buffered solution (see above) with 1 M strychnine and 25 M bicuculline to block inhibitory synaptic transmission. Then 1 mM kynurenic acid and 0.1 mM cyclothiazide (Tocris Bioscience/R&D Systems) were also added to block AMPA receptor saturation and desensitization, respectively. Slices were superfused at 1-3 ml/min with this external solution. Whole-cell postsynaptic patch-clamp recordings were made from visually identified cells in the MNTB region using glass pipettes of 2-3 M⍀ resistance, filled with an internal recording solution consisting of the following (in mM): 110 CsCl, 35 CsF, 10 EGTA, 10 HEPES, and 2 QX-314, pH 7.2, 315-320 mOsm. Series resistance (R s ) was compensated by up to 60% and the membrane potential was held at Ϫ60 mV. EPSCs were evoked by stimulating presynaptic axons with a bipolar stimulating electrode placed midway between the medial border of the MNTB and the midline of the brainstem. A Multiclamp 700A (Axon Instruments/Molecular Devices) amplifier was used. Recordings were digitized at 20 kHz with an ITC-18 A/D converter (Instrutech) using custom procedures (written by M.A. Xu-Friedman) in IgorPro (Wavemetrics) and filtered at 8 kHz. Access resistance and leak current were monitored and experiments were rejected if either parameter changed significantly. Recordings were performed at room temperature (25°C) in Figures 1-6 and 8B and at 35°C in Figures 7 and 8C .
Data analysis. The effective size of the RRP was calculated using two techniques. To measure RRP train , a measure of effective RRP size, peak EPSC amplitudes are measured and summed. A straight line was fitted to the final 15 points of the cumulative EPSC and back-extrapolated to the y-axis. The y-intercept corresponds to RRP train , and p train equals EPSC 0 divided by RRP train, as previously described (Schneggenburger et al., 1999) . RRP train COR , a corrected version of RRP train , is measured by backextrapolating to the y-axis with a curve instead of a straight line. The derivative of the curve is calculated by normalizing the peak EPSC amplitudes to the largest EPSC and subtracting each from 1. We then take the integral of this to get the summed capacity for replenishment (availability of empty sites) over the time elapsed from the beginning of the train. The resulting curve is scaled such that the final 15 points of the curve matches those of the cumulative EPSC. This process computes the RRP with a replenishment rate proportional to the number of empty sites available for new vesicles. p train COR was calculated as EPSC 0 divided by RRP train COR . To measure RRP EQ , another measure of effective RRP size (Elmqvist and Quastel, 1965) , peak EPSC amplitudes were plotted versus the cumulative EPSC. A line was fitted to the steepest range of this curve. We used four points for 100 Hz trains delivered at 25°C and three points for 300 Hz trains delivered at 35°C due to more rapid depletion. The x-intercept of this line corresponds to RRP EQ . p EQ equals EPSC 0 divided by RRP EQ .
Data analysis was performed using routines written in IgorPro. Curve fitting was performed using a curve fitting application in IgorPro. Pairwise comparisons were performed with one-tailed Student's paired t tests. The level of significance was set at p Ͻ 0.05.
Simulations. Simple simulations were used to describe the effect of changing p, effective RRP, or both on the response to a 100 Hz train (Fig.  8) . In the absence of recovery from depression ( Fig. 8A) , EPSC amplitudes are the product of the number of vesicles remaining in the effective RRP (number of vesicles multiplied by quantal current) and p as follows:
When there is recovery proportional to the number of empty sites (Fig. 8 B, C) :
where R is a constant that accounts for recovery. For n Ͼ 1, if there are X n sites occupied prior to stimulus n, and Y n sites occupied immediately after stimulus n (Y n and X n are normalized to the total number of sites, N 0 ), then:
The amplitude of the EPSC evoked by stimulus n is:
The replenishment rate ( R) is proportional to the extent of depletion, which is consistent with the experimentally determined properties of recovery from depression (see Fig. 2E ). We achieve this in the model by assuming that the replenishment rate is proportional to the number of empty release sites available for newly docked vesicles (assume constant replenishment per empty release site). The replenishment rate throughout the train is a fraction of the maximal rate. The fraction is equal to the number of available sites open for replenishment. At t ϭ 0, the RRP is assumed to be full (number of available release sites is zero).
Results
We initially studied the effect of altering calcium influx on synaptic transmission at the calyx of Held synapse by altering external calcium (Ca e ). Experiments were performed in the presence of kynurenate (1 mM) and cyclothiazide (100 M) to block AMPA receptor saturation and desensitization, respectively. Presynaptic axons were stimulated with a bipolar electrode to evoke postsynaptic responses with pairs of pulses (interstimulus interval ϭ 10 ms) every 10 s to assess EPSC amplitude and the paired-pulse ratio. Periodically, a high-frequency train (40 stimuli at 100 Hz) was delivered to deplete the effective RRP. A 100 Hz train was used because it is within the physiological range and reliably evokes postsynaptic responses under our recording conditions. As expected, the EPSC amplitude was strongly enhanced in 2 mM Ca e as compared with 1.25 mM Ca e (Fig. 1A) and there was a decrease in the paired-pulse ratio (Fig. 1B ) that typically accompanies an increase in the probability of release ( p). Trains were delivered in 1.25 mM external calcium (Ca e ) and 2 mM Ca e and postsynaptic responses recorded (Fig. 1C) . The first EPSCs were considerably larger in 2 mM Ca e than in 1.25 mM Ca e , but responses in both conditions decayed to a similar steady-state EPSC amplitude late in the train. An example in Figure 1D illustrates an approach that is widely used to estimate the effective size of the RRP that is released by a train. Peak EPSC amplitudes are summed and plotted versus stimulus number. The RRP is thought to be depleted early in the train, such that the steady-state EPSC amplitude late in the train reflects replenishment of the RRP. The rate of replenishment is assumed to be constant and accounted for by back-extrapolating a line from the final 15 points of the cumulative EPSC to the y-axis. The y-intercept corresponds to the number of vesicles in the RRP multiplied by the quantal size (Nq) and is called RRP train . This technique was first used at the calyx of Held but has subsequently been applied at a variety of synapses (Schneggenburger et al., 1999; Moulder and Mennerick, 2005; Stevens and Williams, 2007; Pan and Zucker, 2009 ). The probability of release ( p train ) can be estimated by dividing the amplitude of the first EPSC (EPSC 0 ) by RRP train . This method reveals that RRP train is reduced in 1.25 mM Ca e as compared with 2 mM Ca e (Fig. 1E) . Based on the method of Figure 1D , the reduction of EPSC amplitude in 1.25 mM Ca e (36.7 Ϯ 4.1% of control, p Ͻ 0.01) is a result of reduced effective pool size (RRP train ; 65.9 Ϯ 5.1% of control, p Ͻ 0.05) and reduced release probability (p train ; 55.8 Ϯ 4.7% of control, p Ͻ 0.01). The reduction in release probability is also indicated by an increase in PPR (Fig. 1F) .
The results of Figure 1 suggest that alterations in calcium influx change neurotransmitter release in part by changing the effective pool size. It is, however, important to recognize that quantification of the RRP can be controversial, and each method used to quantify the RRP relies on assumptions about release. For example, the train method of Figure 1 assumes that the rate of replenishment from the reserve pool to the RRP is constant during a train. We therefore decided to use an additional method to quantify the amount of neurotransmitter released by a highfrequency train, a method previously developed for use at the frog neuromuscular junction (Elmqvist and Quastel, 1965) and subsequently used at the calyx of Held synapse (Taschenberger et al., 2005; Kushmerick et al., 2006) . This method assumes that for a high-p, depressing synapse, depletion of the RRP dominates the amplitude of the synaptic responses early in a high-frequency train. In an example cell in control conditions (2 mM Ca e ), synaptic responses depress quickly during the first 5 to 10 stimuli of a 100 Hz train, following a decaying single-exponential curve ( Fig. 2A) . A plot of EPSC amplitudes versus the cumulative EPSC transforms the first few responses, which serve to almost completely deplete the RRP, to follow a straight line. This line can be extrapolated to intersect the x-axis (Fig. 2B) . The x-intercept corresponds to the size of the RRP (RRP EQ ) assuming no replenishment of the RRP during the first few stimuli. Since there will be some replenishment of the RRP during the first ϳ50 ms of the train, RRP EQ will overestimate the size of the RRP and can be considered an upper-bound estimate of RRP size. This contrasts with the RRP train approach, which assumes a constant rate of replenishment equal to that of the end of the train, when in fact the rate of replenishment likely increases during the train, and therefore RRP train provides a lower-bound estimate of the RRP. Thus, two entirely different methods can be used to estimate the size of the RRP for stimulus trains; each method relies on its own set of assumptions, and one method provides a lower bound for RRP while the other provides an upper bound.
We therefore compared our estimates of RRP by plotting RRP train versus RRP EQ for cells in different Ca e (between 1 and 4 mM), and found that as expected, RRP EQ was typically greater than RRP train (Fig. 2C ). This is apparent by comparing the fit to the data (Fig. 2C , solid line, slope (m) ϭ 0.751, y-intercept (b) ϭ 0.72 nA) with the unity line (Fig. 2C, dashed line) . Accordingly, estimates of p from RRP EQ ( p EQ ) were typically smaller than p train (Fig. 2D) , which was again apparent by comparing the fit to the data (Fig. 2D , solid line, m ϭ 0.957, b ϭ 0.061) with the unity line (Fig. 2D, dashed line) . It appears that although RRP train is generally slightly smaller than RRP EQ , these two methods provide similar estimates of RRP and do a good job of bracketing the effective RRP. To resolve the differences in pool sizes measured by these two techniques, we tested the validity of the assumption of constant recovery from depression early and late in the train. There are two potential reasons for increased recovery from depression during the train. First, the number of vesicles added to the RRP between stimuli is probably low at the beginning of the train due Altering presynaptic calcium influx affects synaptic transmission in part by changing effective RRP size. A, Time course of EPSC amplitude during wash-in of 2 mM external calcium (Ca e ), followed by 1.25 mM Ca e . B, A comparison of pairs of EPSCs normalized to the amplitude of the first EPSC (EPSC 0 ) reveals that paired-pulse plasticity varies with Ca e . C, EPSCs evoked by 100 Hz trains delivered in different Ca e conditions. D, Example estimation of effective RRP size (RRP train ) by back-extrapolation of the cumulative EPSC to the y-axis. The probability of release ( p train ) is estimated by dividing the amplitude of the first EPSC by RRP train . E, A comparison of cumulative EPSCs reveals that RRP train is larger in 2 mM Ca e than in 1.25 mM Ca e . F, Summary of the effects of altered Ca e (1.25 mM compared with 2 mM in control) on the properties of synaptic transmission (n ϭ 5).
to the low availability of empty release sites. Late in the train, when the cumulative EPSC has reached a linear regime (constant EPSC amplitude), there should be more empty sites and replenishment should be more pronounced. A second possibility is that the time course of recovery from depression is accelerated late in the train as a result of calcium-dependent recovery from depression, which has been described at a variety of synapses (Dittman and Regehr, 1998; Stevens and Wesseling, 1998; Wang and Kaczmarek, 1998; Zucker and Regehr, 2002) and has been shown to be regulated by the calcium-binding protein calmodulin at this synapse (Sakaba and Neher, 2001a) . To test for these two possibilities we compared recovery from depression following a single conditioning pulse with recovery from depression after a 40-pulse train at 100 Hz (Fig. 2E) . We found that at the end of the train there was more depression and the magnitude of recovery was larger than that observed after a single conditioning pulse; however, the time course of recovery was about the same, with a time constant of ϳ2.5 s for both stimulus patterns. This suggests that it is possible to correct for differences in recovery from depression simply by taking into account the extent to which the RRP has been depleted. By performing such corrections we obtained a refined estimate of RRP train that is corrected for differential recovery from depression, RRP train COR (Fig. 2F , curves, see Materials and Methods). A plot of RRP train COR versus RRP EQ shows considerably improved agreement (Fig. 2G , solid line, m ϭ 0.881, b ϭ 0.284 nA) as does a plot of p train COR versus p EQ for the same cells seen in Figure 2 , C and D, show (Fig. 2H , solid line, m ϭ 1.02, b ϭ 0.018). It should be noted that because the correction of RRP train is larger when initial p is smaller, the correction decreases our estimates of the size of changes in RRP. It also brings RRP train COR and RRP EQ into close agreement. The close agreement of the two methods suggests that they provide an excellent estimate of RRP size and p. We will therefore use these two methods to quantify changes in RRP and p in all subsequent figures.
We also went on to examine recovery from depression after a 40-pulse train in 1.25 mM Ca e , and found that recovery from depression was approximated by an exponential with a time constant of 3.5 s (n ϭ 4 cells, data not shown). This is slightly longer than the time constant measured at 2 mM Ca e .and is consistent with calcium slightly accelerating recovery from depression. It should be noted, however, that the correction method we introduced in Figure 2 provides a correction appropriate for each train that does not assume anything about the time constant of recovery from depression. Thus, small differences in recovery kinetics will be accounted for, and will not contribute to the observed changes in RRP train COR . Moreover, the replenishment is insufficient to account for calcium-dependent differences in RRP EQ .
Having refined our methods of quantifying the RRP, we went on to determine whether the calcium dependence of effective RRP size contributes to the observed calcium dependence of the EPSC amplitude. Plots of the EPSC, RRP, and p normalized to the value in 2 mM Ca e were made (Fig. 3 A, B) . Fits to the Hill equation revealed that the EPSC amplitude is steeply dependent on Ca e (Hill coefficient (n) ϭ 3.6, EC 50 (Ca 1/2 ) ϭ 1.78 mM), the probability of release is less steeply Ca e dependent (p train COR : n ϭ 3.2, Ca 1/ 2 ϭ 1.56 mM and p EQ : n ϭ 3.0, Ca 1/2 ϭ 1.66 mM), as is the RRP ( RRP train COR : n ϭ 2.0, Ca 1/2 ϭ 0.98 mM and RRP EQ : n ϭ 2.7, Ca 1/2 ϭ 0.92 mM). These findings suggest that the Ca e dependence of EPSC amplitude does not arise solely from p; the Ca e dependence of the RRP also contributes. It also appears that the RRP size saturates at lower values of Ca e than does the EPSC or p.
Calcium Here, J Cae,x ϭ flux of calcium ions into the presynaptic terminal at x mm Ca e , J Cae,2mM ϭ flux of calcium ions into the terminal at 2 mM Ca e , and EC 50 ϭ 2.6 mM (Schneggenburger et al., 1999) . Plots of the EPSC, RRP, and p normalized to 2 mM Ca e are shown versus estimated calcium influx (Ca influx ) (Fig. 3C,D) . Fits to the Hill equation revealed that the EPSC amplitude is very steeply dependent on Ca influx (Hill coefficient (n) ϭ 5.6, Ca 1/2 ϭ 0.96), the probability of release is less dependent on Ca influx (p train COR : n ϭ 4.9, Ca 1/2 ϭ 0.88 and p EQ : n ϭ 4.4, Ca 1/2 ϭ 0.93 mM), as is the RRP (RRP train COR : n ϭ 2.7, Ca 1/2 ϭ 0.66 and RRP EQ : n ϭ 3.8, Ca 1/2 ϭ 0.61). Thus we find that the same qualitative trends hold for the Ca influx dependence of EPSC, p, and RRP, as for the Ca e dependence of these values, and the very steep Ca influx dependence of EPSC amplitude arises in part from the Ca influx dependence of the RRP.
The previous experiments suggest that the extent of action potential-evoked calcium influx through presynaptic VGCCs influences the effective size of the RRP, and therefore the strength of synaptic transmission. We tested the role of R-type calcium channels using 100 M Ni 2ϩ , which blocks R-type calcium channels (Soong et al., 1993; Schneider et al., 1994; Zamponi et al., 1996) and reduces neurotransmitter release at the calyx of Held (Wu et al., 1998 (Wu et al., , 1999 . The wash-in of Ni 2ϩ reduced synaptic strength to 60.9 Ϯ 2.6% of control ( p Ͻ 0.001), and reduced both RRP and p (Fig. 4A-C) . Both estimates of RRP size were reduced in nickel; RRP train COR ϭ 81.6 Ϯ 2.1% of control ( p Ͻ 0.001) and RRP EQ ϭ 81.2 Ϯ 2.3% of control ( p Ͻ 0.01). Estimates of p were reduced as well; p train COR ϭ 74.8 Ϯ 3.1% of control ( p Ͻ 0.001) and p EQ ϭ 75.3 Ϯ 3.5% ( p Ͻ 0.001). Thus, as with alterations in external calcium, decreases in RRP contribute to decreases in EPSC amplitude.
Previous studies have shown that P-type calcium channels are the primary source of calcium that drives neurotransmitter release at the calyx of Held (Iwasaki and Takahashi, 1998) . We therefore used the selective P-type calcium channel antagonist -agatoxin IVA (AgaIVA) to study synaptic transmission (Fig.  5) . AgaIVA strongly decreased the EPSC amplitude, and once the steady-state response to AgaIVA had been attained, p was so low (Ͻ0.1) that it was impractical to deplete the RRP with a short train stimulus. We therefore delivered trains during the wash-in of AgaIVA, as indicated by the gray arrows in Figure 5A . The size of the first EPSC decreased as AgaIVA took effect and the number of stimuli required to deplete the RRP increased, as shown in a representative experiment (Fig. 5B) . Plots of the cumulative EPSC revealed that RRP train COR (Fig. 5C ) and RRP EQ (Fig. 5D ) had been significantly reduced in AgaIVA. Summary data shows that the reduction of EPSC amplitude was accompanied by more modest decreases in both measures of RRP size, RRP train COR and RRP EQ , and of p, p train COR and p EQ (Fig. 5E,F) . This manipulation strongly suggests that the number of vesicles liberated by a train depends on the extent of calcium influx through presynaptic VGCCs.
Numerous neuromodulators regulate synaptic transmission by modulating presynaptic VGCCs, and it has been assumed that such modulation only reflects alterations in p (Zucker and Regehr, 2002). However, our results suggest that changes in calcium influx can also affect the size of the RRP. We therefore tested this possibility by studying synaptic GABA B receptor-mediated synaptic inhibition at the calyx of Held synapse, which has been shown to be mediated by direct modulation of presynaptic VGCCs, with no significant downstream effects on vesicular release . We found that the GABA B receptor agonist baclofen (100 M) strongly inhibited synaptic strength at this synapse, which was reversed with the GABA B receptor antagonist CGP 55845 (20 M). Baclofen caused the synapse to facilitate, unlike in control conditions and in CGP 55845, and depletion of the RRP required more stimuli (Fig. 6A) . In both control conditions and in baclofen, 40 stimuli were sufficient to deplete the RRP. In a representative experiment, we found that baclofen decreased both RRP train COR (Fig. 6B ) and RRP EQ (Fig. 6C ). Baclofen reduced EPSC amplitudes to an average of 28.4 Ϯ 6.9% of control ( p Ͻ 0.01), with intermediate effects on RRP train COR (54.8 Ϯ 8.2% of control, p Ͻ 0.01), RRP EQ (63.9 Ϯ 6.3% of control, p Ͻ 0.05), p train COR (50.1 Ϯ 5.7% of control, p Ͻ 0.001), and p EQ (38.8 Ϯ 8.6% of control, p Ͻ 0.01) (summary in Fig. 6D ; n ϭ 9). This indicates that neuromodulators that act by regulating presynaptic VGCCs can affect synaptic transmission by modulating both p and effective RRP size.
To test whether regulation of effective RRP size might be physiologically relevant, we repeated experiments at nearphysiological temperature (35°C) with higher frequency (300 Hz) trains. We measured postsynaptic responses in control conditions and in AgaIVA (example cell, Fig. 7A ). Submaximal block of P-type VGCCs reduced both RRP train COR (Fig. 7B ) and RRP EQ (Fig. 7C) . We restricted our analysis to trials in which the EPSC amplitude was moderately reduced (44.3 Ϯ 5.5% of control, p Ͻ 0.01, n ϭ 4 cells) and found that as for room temperature experiments the blockade of P-type calcium channels reduced both the pool size (RRP train COR : 80.2 Ϯ 1.8% of control, p Ͻ 0.01; RRP EQ : 78.5 Ϯ 5.4% of control, p Ͻ 0.01) and p (p train COR : 55.2 Ϯ 6.5% of control, p Ͻ 0.05; p EQ : 56.6 Ϯ 6.5% of control, p Ͻ 0.01). This suggests that changes in effective pool size collaborate with changes in p to produce the full effect of AgaIVA on synaptic transmission for higher frequency trains at 35°C. We also tested the effect of activating presynaptic GABA B receptors (Fig. 7E-H A simple model (see Materials and Methods) was used to illustrate the consequences of changing synaptic strength through changes in p versus changes in effective RRP (Fig. 8A-C) . The differences are best illustrated by considering the case where there is no replenishment of the RRP such that once the RRP is depleted no neurotransmitter release occurs (Fig. 8A) . Three cases are considered that all lead to the same decrease in the initial EPSC, but one does so by decreasing p, another by decreasing the effective RRP, and the third by small decreases in both p and effective RRP. If synaptic strength is altered by reducing p, then it takes longer for repeated stimulation to deplete the RRP, but the total neurotransmitter release evoked by the train is unchanged (Fig. 8A , blue line). In contrast, reduction of the effective RRP size without altering p reduces the overall neurotransmitter released by a train without altering the short-term plasticity (Fig. 8A, green line) . If the both p and effective RRP are decreased, as we have found to be the case at the calyx of Held, the cumulative EPSC is both smaller in final amplitude and requires more stimuli to reach depletion (Fig. 8A, red line) .
In the realistic case, replenishment of the RRP must also be considered. We used the same model to evaluate the effect of GABA B activation on the cumulative EPSCs for two example experiments at 25°C (Fig. 8B ) and at 35°C (Fig. 8C) , but in these simulations we also included replenishment of the RRP. The model takes into account the observation that replenishment is not constant but depends on the extent of depression (Fig. 2E ). In the example at 25°C, for the best approximations to the experimental data, baclofen reduced RRP and p to 0.77 and 0.47 of control values, respectively, without decreasing the rate of replenishment (Fig. 8B, red line) . Similarly at 35°C the best approximation was achieved by fractionally reducing the RRP and p, respectively, to 0.57 and 0.78 of control values, without altering replenishment (Fig. 8C, red line) . In both cases, changes in p alone (blue lines) or in RRP alone (green lines), did not adequately describe the observed data.
The implication is that modulation of the effective RRP can change the total charge transfer in response to a train or rapid burst of presynaptic activity, which a change in only p would not produce. Release of a neuromodulator could therefore affect the ability of a postsynaptic cell to follow high-frequency stimuli, which would be of great importance for a high-frequency, highfidelity synapse such as the calyx of Held.
Discussion
Our main finding is that in addition to changing p, alterations in presynaptic calcium influx change the effective RRP size. Thus, the calcium dependence of neurotransmitter release is determined by the combined calcium dependencies of p and the effec- , red) . B, C, Cumulative EPSCs are shown for two example experiments in control conditions (gray circles) and in the presence of baclofen (light red circles) for 100 Hz trains at 25°C (B) and for 300 Hz trains at 35°C (C). The black and red lines in B and C are fits to control and baclofen cumulative EPSCs, respectively, that were determined using an iterative fitting process that had three free parameters {effective RRP, p, and the replenishment rate per empty release site}. For the other lines, parameters from the control fit were used but either p or effective RRP was reduced. The parameters of the lines for B are {9.96, 0.25, 0.025, black}, {7.64, 0.12, 0.033, red}, p is 0.33 of control (blue), and effective RRP is 0.33 of control (green), and for C {65.9, 0.24, 0.036, black}, {37.4, 0.18, 0.037, red}, p is 0.41 of control (blue), and effective RRP is 0.41 of control (green).
observed when calcium entry is regulated. These effects persist at near-physiological temperature for faster trains (Fig. 7) .
We used a simple model to illustrate the consequences of changing synaptic strength through changes in p versus changes in effective RRP (Fig. 8A-C) . The differences between changes in p and RRP are best illustrated by considering the case where there is no replenishment of the RRP, and once the RRP is depleted no neurotransmitter release occurs (Fig. 8A) . If synaptic strength is altered by reducing p, then it takes longer for repeated stimulation to deplete the RRP, but the overall release evoked by the train is unchanged. In contrast, reduction of the effective RRP size reduces the overall neurotransmitter released by a train. The same holds true when replenishment is added into the simulation (Fig. 8 B, C) . The data presented in this paper suggest that both processes occur and that a change in p accounts for approximately two-thirds of the change in EPSC size and a change in effective RRP for the remaining one-third (Fig. 8A-C, red lines) .
